Digital signal processing (DSP) combined with orthogonal frequency division multiplexing (OFDM) technology represents a powerful tool and an attractive candidate for the design of programmable adaptive transceivers with the ability of manipulating the spectrum with subwavelength granularity. The individual subcarriers can be suitably configured to multiple formats for rate/distance adaptive transmission over the network, according to the channel profile and the traffic demand.
INTRODUCTION
Programmable adaptive transceivers, enabling a flexible and dynamical (re)configuration of the bandwidth and bit rate according to the traffic demand, channel condition and selected path, are key elements for an efficient assignment of the network resources. Indeed, the choice of a suitable transmission technology, facilitating flexibility, adaptability and other advanced functionalities, including slice-ability, is crucial for the bandwidth variable transceiver (BVT) design.
Among alternative possible candidates, such as Nyquist WDM and time frequency packing, optical orthogonal frequency division multiplexing (OFDM) is considered an attractive solution, which can find application in different segments of elastic optical networks (EON) and in inter-data centre (DC) communication [1] [2] [3] . OFDM technology is particularly suitable for designing adaptive multi-format transceivers, thanks to its peculiar feature of individually manipulating the subcarriers within a wide range of granularities, from the sub-wavelength level of the digitally generated electrical channels (with tens/hundreds MHz bandwidth) up to the super-wavelength of an optical superchannel (of hundreds GHz). The ability of selectively assigning the number of bits and power values per each electrical subcarriers, according to the transmission path condition, is enabled at the digital signal processing (DSP) by means of specific modules, implementing loading algorithms and channel state estimation. The DSP-enabled subcarrier loading for rate/distance adaptive transmission is combined with a flexible optical carrier selection at the tuneable laser source (TLS). For an optimal OFDM-based BVT design, a suitable choice of the optoelectronic front-end must be performed to meet the network segment requirements and the cost/energy efficiency targets. For example, in a metro scenario, using technologies for core networks is overkill, since the requirements are substantially different, and a more cost-effective solution is required [2] .
In this paper, a DSP-enabled OFDM-based BVT design for multi-format and rate/distance adaptive transmission is proposed. The optoelectronic front-end at the bandwidth variable transmitter (BVTx) consists of a single Mach-Zehnder modulator (MZM) and simple direct detection (DD) is performed at the receiver (BVRx), targeting cost-sensitive applications. Single sideband (SSB) modulation is considered as it allows a more robust transmission against chromatic dispersion (CD) compared to double sideband OFDM. It is adopted at a cost of introducing an additional optical filter at the BVTx, in order to extend the uncompensated achievable reach to the metro/regional network segment. Particularly, two alternative SSB OFDM schemes have been compared in terms of rate/distance performance and spectral efficiency.
The proposed BVT can be the building block for implementing a sliceable BVT, generating multiple OFDM flows, which can be routed over different optical paths for concurrently serving multiple end-nodes or towards the same destination for optimizing the network resources [2] [3] [4] . Figure 1 shows the system model of the proposed BVT using OFDM technology and DD, able to generate a single data flow at variable rate and bandwidth. The adaptive optical transmission over a photonic mesh network is enabled by the DSP blocks. Particularly, the adaptive mapper implements BL/PL algorithms, for properly assigning the number of bits and power value to the individual subcarriers, according to the signal-tonoise ratio (SNR) profile estimated at the receiver. Channel estimation is performed using uniform loading over an entire sequence of OFDM frames (in the phase of negotiation before transmission) or using training symbols (TS), required for correctly equalizing and self-performance monitoring the signal at the edge-node receiver. Additionally, performance of the OFDM subcarriers can be optically monitored using a high-resolution optical spectrum analyser at the network intermediate nodes [5] . BL/PL algorithms can be either margin adaptive (MA) or rate adaptive (RA). The former allows varying the performance at fixed bit rate according to the channel profile, while the latter enables to adapt the achievable rate at a fixed (target) performance [6] . Thus, the input data stream is parallelized and suitably mapped into BPSK or M-QAM formats, where M is a power of 2 ranging from 4 to 256. Then, the TS are added. A cyclic prefix (CP) is inserted after implementing an N-points inverse fast Fourier transform (IFFT), where N indicates the number of subcarriers. After serialization, the baseband signal is upconverted to a radio frequency (RF) in order to transmit real data. At the varying of the RF, different guard-intervals between the optical carrier and the OFDM signal can be considered. The resulting signal is digital-to-analogue converted (DAC), modulated onto the optical carrier using a MZM and optically filtered for implementing SSB modulation.
SYSTEM DESIGN
In conventional SSB-OFDM schemes a guard-interval (GI), equal to the OFDM signal bandwidth, is conveniently created between the optical carrier and the signal itself, by means of DSP or analogue RF upconversion. The SSB signal can be transmitted using optical filters or other complex schemes [7] . In the BVTx of Fig. 1 , the baseband OFDM signal is digitally upconverted to a RF at the DSP module. To implement conventional SSB-OFDM, the RF is set to 1.5 times the electrical signal bandwidth. Then, by using the linearfield region of the optical modulator (biased near the null point), the filtered optical OFDM signal is transmitted over the network (Fig. 2a) . Consequently, at the receiver, the intermodulation products between the optical carrier and the OFDM signal band, due to the square law characteristic of the photodetector, fall into the GI (Fig. 2b) , enabling a correct photodetection. Alternatively, the GI can be reduced for increasing the system spectral efficiency at the expense of the receiver sensitivity [8] . In this case, in order to limit the intermodulation products due to photodetection process, the MZM is biased at the quadrature point for optical intensity modulation. In this work, no guard-interval (No-GI) SSB modulation is proposed as alternative SSB scheme for the BVT design. The whole available spectrum is filled with data, as shown in Fig. 2c , trading spectral saving and system performance. It is important to note that the bias point can be also remotely set and controlled for an even more flexible transceiver design [9] .
The optical channel is represented by the amplified standard single mode fiber (SSMF) links of the ADRENALINE network. At the BVRx side, data are photodetected with a PIN photodiode and analog-to-digital converted (ADC). Then, downconversion, parallelization and CP removal processes take place. After implementing the FFT, data are equalized using a zero forcing equalizer and the TS overhead is removed. Finally, demapping and serialization are performed.
PERFORMANCE ANALYSIS AND EXPERIMENTAL RESULTS
In this section, SSB-OFDM schemes with and without GI (Figs. 2a and 2c ) are compared considering different spectral occupancies. The system performance is first numerically evaluated in the optical back-to-back (B2B) ICTON 2015 We.A1.5 configuration and after 150 km of SSMF. A randomly generated data stream of 20×304200 bits is transmitted and N = 512 points IFFT is implemented. For the simulations, a 10GHz bandwidth (BW) DAC working at the sample rate (SR) of 20 GSa/s and a higher speed DAC at 64 GSa/s with 13 GHz bandwidth have been considered. Specifically, the DAC impulse responses have been modelled as 2 nd order Gaussian digital filters with 11 GHz and 20 GHz bandwidth, respectively.
The optical carrier is set to 1550.12 nm and 7 dBm power. SSB signals with 10 GHz and 20 GHz electrical bandwidths are transmitted. The corresponding optical filter bandwidths have been set to 12.5 GHz and 25 GHz, respectively, according to the flexible grid of EON. The split-step Fourier method is used to model the propagation over the SSMF with a dispersion coefficient of 16.5 ps/nm/km, a nonlinear coefficient of 1.2 W -1 km -1 and 0.29 dB/km attenuation. RA BL/PL algorithm is implemented for dynamically configuring the system to cope with the DAC bandwidth limitation and transmission impairments [6] . Soft decision forward error correction (SD-FEC) with 20% overhead and hard decision (HD)-FEC with 7% overhead are taken into account [6] . Depending on the used FEC coding scheme, a different target bit error rate (BER) is considered. Specifically, with SD-FEC a target BER of 2×10 -2 is assumed, whereas for the HD-FEC, the target BER is 3×10 -3 . A maximum total overhead of 27.2% is needed including 1.9% CP, 4% TS and SD-FEC overheads. While using HD-FEC, the total overhead is reduced to 13.4%. The OSNR is defined in a 12.5GHz bandwidth. 
Figure 3. SNR profiles after 150 km of SSMF for SSB-OFDM with: (a) 20 GHz GI, (b) 20 GHz No-GI, and (c) 10 GHz No-GI. (d) Bit loading per subcarrier corresponding to (c) case.
We have compared a conventional SSB scheme occupying 20 GHz, whose half bandwidth is adaptively filled with data and the other half is used for GI, with No-GI SSB at the same spectral efficiency, using the 20 GHz bandwidth for data. We have also compared these two cases with No-GI SSB occupying only 10 GHz adaptively loaded with data, as shown in Fig. 3d . Depending on the bandwidth occupation, the DAC with 64 GSa/s or 20 GSa/s has been selected (as indicated in the table of Fig. 4) . The simulation results for 3×10 -3 target BER in B2B and after 150 km of SSMF are presented in Fig. 4 . Thanks to adaptive loading, No-GI SSB-OFDM outperforms conventional SSB-OFDM with the same spectral occupancy. In fact, the DSP-enabled multi-format assignment allows suitably allocating data also within the GI, according to the SNR profile, which decreases at the increase of frequency, due to the DAC limitation (see Fig. 3 ). This can be particularly observed in the B2B case. Over the 150 km path, the two schemes allow achieving similar performance in terms of data rate; however, No-GI SSB-OFDM requires lower OSNR. In the case of halving the bandwidth occupation, No-GI allows transmitting over the 150 km path with good performance in terms of data rate and spectral efficiency trade-off. Specifically, a 50% spectral saving is achieved at the expense of 24.8% data rate loss, compared to GI SSB. After numerical assessment, the No-GI SSB-OFDM system with 10GHz bandwidth has been experimentally validated within the ADRENALINE testbed. A 10 GHz bandwidth arbitrary waveform generator (AWG) at 20 GSa/s is used as DAC and a real-time oscilloscope (DPO) working at 100GSa/s has been set-up to capture the ICTON 2015
SSB
We.A1.5 signal at the receiver side. For the OSNR measurements, two optical amplifiers, an optical spectrum analyser (OSA) and an optical band pass filter (BPF) of 50 GHz, for ASE noise rejection, are used.
Figures 5a and 5b report preliminary experimental results of rate adaptive transmission in the B2B configuration, assuming SD-FEC or HD-FEC, respectively. Successful transmission below the FEC limit has been obtained in both cases. The penalty in terms of bit rate at a fixed target 3×10 -3 BER performance has been also evaluated in the ADRENALINE 4-node mesh network (indicated in Fig. 1) . After a single hop path of 35 km from OXC-2 to ROADM-1, the data rate is about the same as the B2B case: the transmission impairments are negligible for such a narrow-band OFDM signal. Figure 5c also shows that at the same target BER, the average data rate penalty at the maximum OSNR is less than 25% after a 2-hop path of 185 km, from OXC-2 to the same end-node (ROADM-1) passing through OXC-1. 
CONCLUSIONS
We have numerically and experimentally assessed the performance of a BVT based on OFDM technology adopting SSB modulation and DD for cost-sensitive applications, targeting the metro/regional network segment and inter-DC communication. Thanks to the adaptive multi-format assignment to the individual electrical subcarriers, we have shown that No-GI scheme outperforms conventional SSB-OFDM in terms of bit rate and required OSNR, considering DAC limitation and transmission impairments.
The proposed OFDM-based BVT allows adapting either the data rate or the target performance by means of DSP according to the traffic demand, channel condition and selected path for rate/distance adaptive transmission over the network. Furthermore, the BVT can be used as a building block of a programmable sliceable BVT, which allows enhancing the capacity and flexibility of the rate/distance adaptive transmission, as well as the network scalability. Finally, photonic integrated circuit technology can be adopted to implement the proposed transceiver in order to further reduce its cost, power consumption and footprint.
